Reference values of cellular and non-cellular components in the bronchoalveolar lavage¯uid (BALF) were established from the BALF specimens obtained from 52 healthy pigs. Using urea as an endogenous marker of dilution, the reference values in the epithelial lining¯uid (ELF) were calculated: total cell count 2.71´10 ELF. The problems of quanti®cation of BALF components are discussed and a standardized lavage protocol in swine is described, which is essential for the interpretation of diagnostic ®ndings and for the comparison of different BALF specimens.
Introduction
Respiratory disorders and systemic airborne diseases are regarded as the most serious disease problem in modern swine production today (Christensen et al., 1999) . In this respect the clinical relevance of bronchoalveolar lavage (BAL) in pigs has increased recently due to its advantages for detecting sensitive bacterial species and for the study of bacteria±host interactions within the respiratory tract (Ganter et al., 1993; Hennig et al., 1999) . Until now, cells and non-cellular components on the epithelial surface of alveoli have rarely been investigated in swine, although they would be representative of the in¯ammatory and immune systems of the lung and can be recovered by use of BAL. The lack of a standardized method for a quantitative analysis of bronchoalveolar lavage¯uid (BALF) components harbours the risk that measured concentrations in BALF specimens can differ not only due to their varying absolute concentrations but also due to the variable proportions of recovery, the consistency of bronchoalveolar mucous secretion and technical performance (Mcgorum et al., 1993) . Furthermore, studies on the components of BALF and on methods for standardization are rarely found for other animal species. Most studies regarding the pathogenesis of chronic obstructive pulmonary disease were performed on horses. Since Rennard et al. (1986) have used urea as an endogenous marker of dilution as a standard for comparison in human medicine, in equine BALF samples the urea and the albumin dilution techniques have been shown to be suitable for standardizing the concentration of epithelial lining¯uid (ELF). However, albumin levels may increase with in¯ammation (Mcgorum et al., 1993) . Also, in pharmacokinetic studies in dogs and cats, concentrations are related to the ELF calculated by the urea dilution method (Vaden et al., 1997; Hawkins et al., 1998) .
At the time of writing, the European Respiratory Society Task Force has agreed that no satisfactory internal or external marker is yet available for accurate assessment of the BAL dilution factor (Haslam, 1998) . Therefore, all approaches to standardization of the BAL procedure by calculating with the ELF are considered to be semi-quantitative. However, in human medicine many investigators continue to use the urea dilution method for lack of an adequate method of standardization.
In this study the BALF samples were harvested under standardized conditions in order to establish reference values for cellular and acellular components for pigs of this age and high health status. Until now, the percentage of polymorphonuclear neutrophils (PMN) in the differential cell count of a BALF is currently considered to be the most sensitive criterion for differentiation between healthy pigs and those with lung disease (Ganter and Hensel, 1997) . It has been observed in other species that damage to the respiratory tract epithelium is re¯ected in the increased activities of alkaline phosphatase (AP), by damage of alveolar type II cells and increased secretion of surfactant, and lactate dehydrogenase (LDH), by cell damage during the course of purulent in¯ammation and release by PMN (Hunninghake et al., 1979; Talstadt et al., 1983; Reinhold et al., 1992) . Therefore measurement of enzymes in the ELF can give additional information on the health status of the pigs' lungs.
Materials and Methods
BALF was obtained from 52 healthy, speci®c pathogen-free pigs of both sexes, aged approximately 10 weeks and originating from three closed herds. Pigs were free from endoparasites, ectoparasites and lung pathogenic bacteria such as Actinobacillus pleuropneumoniae and toxigenic Pasteurella multocida. No antibodies against pseudorabies virus and classical swine fever virus were detected. The pigs were clinically healthy. BAL was performed via a¯exible bronchoscope in anaesthetized pigs using 100 ml of sterile 0.9% NaCl solution divided into ®ve fractions of 20 ml as rinsing¯uid. Immediately after each aliquot had been introduced,¯uid was aspirated by a vacuum with a maximum of 30 kPa (0.3 bar) using a suction apparatus. The average dwell time was about 30 s (Ganter et al., 1993; Hensel et al., 1994) . The tip of the endoscope was placed in the bronchus trachealis. Only BALF samples with a recovery rate of about 80% of the rinsing¯uid were taken for evaluation. BALF samples were processed immediately for bacterial culture, and for cytological and biochemical examinations. BALF sample cells were counted and cytospots were prepared and stained with a 10% May±Gru Ènwald/Giemsa solution for each differential count.
In no BALF sample was arti®cial blood contamination macroscopically visible. Microscopic inspection always resulted in fewer than 20 erythrocytes per ®eld of vision.
The urea content was measured in BALF and plasma according to the urea test kit instructions (Urea testkit, Sigma Ò Chemical, St Louis, MO, USA). Protein content was determined using the biurette method followed by comparison with an albumin standard with de®ned protein content. LDH activity was measured using a LDH in vitro diagnosticum Ò (Boehringer, Mannheim, Germany) based on the reaction of pyruvate to lactate. Determination of AP activity was performed using an ALP in vitro diagnosticum Ò (Roche Diagnostics GmbH, Mannheim, Germany).
Bearing in mind that urea, as a small molecule, has the same concentration in plasma prior to lavage as in the ELF, the dilution factor of the ELF was calculated from the ratio of urea concentrations in plasma and BALF. Because the alveolo-capillary permeability can vary between individuals and intra-individually, the correlation of the measured values between plasma urea and urea in BALF was calculated. Cell counts, enzyme activities and protein content in the BALF were multiplied by the dilution factor.
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Assuming normal lung permeability in the pigs, the concentration of one soluble BALF component was expressed as a ratio of another in a semi-quantitative approach, i.e. LDH:total protein, AP:total protein, AP:LDH.
Results
All values were tested for normal distribution using the Shapiro±Wilks test (statistical computer program SAS Ò ). Because of the asymmetric frequency distribution of values of all parameters, the data were transformed into logarithms and tested again. The transformed values showed an almost symmetrical distribution in total cell counts and in total counts of alveolar macrophages in BALF and ELF, in total counts of lymphocytes in the BALF, in urea contents in plasma and BALF, in LDH-and AP-activities in ELF and in the ELF dilution factors.
The volumes of recovery, which are similar to the percentage recovery rate, the amounts of the acellular components per ml BALF and the ratios of LDH:total protein, AP:total protein and AP:LDH are shown in Table 1 .
All BALF total cell counts were below the upper reference limit of 4.5´10 9 litre
±1
reported by Ganter and Hensel (1997) .
There was a signi®cant correlation between the logarithms of plasma urea and urea in BALF (Pearson correlation coef®cient: r 0.55, P < 0.001) and also between the nonlogarithmic data (Spearman correlation coef®cient: r 0.49, P < 0.005).
Mean values and standard deviations of the parameters shown in Table 2 were expressed as logarithms. Reference values were established by means double standard deviations of the transformed values. Reference limits are the re-transformed results.
Transformed values of all other parameters showed signi®cant deviations in normal distribution, so that the 0.95 reference range was indicated by 0.025 and 0.975 fractiles for establishing reference values. Reference limits are shown in Table 2 .
Discussion
The main problems with the quanti®cation of components in ELF using the BAL technique have been discussed by Haslam (1998) . An unknown ELF dilution factor, unknown sampling location (alveolar space, bronchioles, conducting airways), incomplete mixing and variable lung permeability make it dif®cult to compare individuals and results from different studies. Gil and Weibel (1969) estimated from morphometric studies that there is normally only 0.05 ml ELF per m 2 mammalian lung surface, so that the inspected dilution during BAL is extremely high. Because there is no practical method which can measure the total volume of ELF in the lung prior to lavage, different endogenous and exogenous marker substances, such as technetium colloid, methylene blue, tritium, inulin, urea, albumin and others, have been used in human medicine in the recent past to estimate the factor of dilution as reliably as possible (Rennard et al., 1986; Kelly et al., 1988; Von Wichert et al., 1993) . The high demands on an ideal marker for dilution proved to be a problem. An external marker must be easily measured, safe, inert and resistant to biodegradation; it must not be taken up by cells, nor show transepithelial migration, and it must be distributed homogeneously in the lavage¯uid. An internal marker should be present in constant levels in body¯uids, especially during the entire BAL procedure (Haslam, 1998) . Indeed, large volumes of¯uid cross the alveolar membrane during lavage in both directions and most marker substances are diffusible (Kelly et al., 1988; Von Wichert et al., 1993) . Ward et al. (1992) have suggested that urea sampled at BAL may be derived predominantly from an acute movement from the bloodstream into the BAL aspirate. The osmotic transfer of urea across the alveolar wall until restoration of equilibrium has been shown to take up to several minutes (Sietsema et al., 1986; Schmekel Marcy et al. (1987) found in a 5´20 ml BAL protocol that diffusion of urea along the concentration gradient set up by the instillation of urea-free saline into the lung was associated with prolonged dwell times. The authors assumed that signi®cant diffusion of urea may not occur in the time required to instil and aspirate the ®rst aliquot (27 3 s), so that possibly this urea concentration could lead to accurate estimation of the volume of ELF recovered. Smaller lavage volumes may limit urea diffusion, but they may not sample substances accurately from ELF if volumes are smaller than 100 ml. In contrast Van De Graaf et al. (1991) found no relationship between the amount of urea in¯ux and the duration of a BAL. They assumed a negligible in¯ux of urea into the ®rst two portions of saline instilled and a negligible in¯ux of albumin during the entire lavage procedure, so that a correction factor for the urea in¯ux during the following samples was calculated using the urea:albumin ratio. The permeability of the respiratory membrane, which is usually higher in individuals with pulmonary diseases, was of greater import for the amount of urea in¯ux which occurred during BAL (Ward et al., 2000) . The conclusion deduced from further studies in human medicine concerning the standardization of BAL was that no satisfactory internal or external marker is yet available to assess accurately the BALF dilution factor (Haslam, 1998; Baughman and Rennard, 1999) . Therefore the European Respiratory Society Task Force made recommendations for standardizing the BAL procedure protocol and reporting the measurements (Haslam and Baughman, 1999) . One conclusion was that results should be reported per ml BALF because it is doubtful whether correction factors for the dilution of BAL give a better differentiation between health and disease. Assuming normal lung permeability, another approach to analysing acellular components which is not in¯uenced by dilution is to express the concentration of one component as a ratio relative to that of another (Haslam, 1998) . In our study the LDH:protein ratio, the AP:protein ratio and the AP:LDH ratio in BALF are shown. (Table 1 ). The ranges of the two ®rst-mentioned quotients show a high variability already in these healthy pigs, whereas the AP:LDH quotient is worth an investigation in diseased pigs because of its narrow range. Furthermore, it is essential to provide precise details about the BAL protocol in every study. Therefore the BAL protocol used here closely followed the procedure used in human medicine (Ganter et al., 1993) , although there were some differences in method. In human BAL a vacuum of ±6.65 to ±13.3 kPa was used in some studies; in others no details were given about the suction pressure, especially if the aspiration was performed by syringe suction. In swine we used a vacuum with a maximum of ±30 kPa without causing bleeding and had a high recovery rate of about 80% in healthy animals. Because arti®cial blood contamination in¯uences the results of acellular components and cell quantities, the quality of the BALF was evaluated by microscopic inspection for erythrocytes in the cytospots. All samples could be put into category I, with fewer than 20 erythrocytes per ®eld of vision as de®ned by Mehnert and Braun (1997) . The authors preferred microscopic inspection over a quantitative measurement of haemoglobin with a haemocytometer and a semiquantitative measurement with test strips. In healthy swine we rarely observed blood contamination of BALF if the vacuum of the suction pump was less than ±30 kPa. In swine with lung diseases, the recovery rates were lower and the suction pressures had to be decreased even further to avoid bleeding. In human medicine it has been shown that large quantities of blood (category III) lead to increased concentrations of proteins and PMN in BALF, so that concentrations have to be corrected using a formula based on a quantitative measurement of haemoglobin (Mehnert and Braun, 1997 ).
An indicator for airway contamination in lavage samples is the number of ciliated epithelial cells from the bronchi amongst the BAL cells (Haslam, 1998) . In human medicine a BAL sample representative of the alveolar composition is usually required, whereas in swine medicine bronchial`contamination' improves the diagnostics of bronchial-associated infectious agents. However, in our samples ciliated cells were rarely found.
In veterinary medicine, and especially in swine medicine, there is less experience in the measurement and interpretation of acellular components in BALF. Certainly the used lavage protocol shows a best possible standardization, but the major critical point is the lack of comparability between the results of different studies, so that in this study, in spite of the dif®culties discussed above, concentrations were additionally calculated per litre ELF using the urea method. In this study pigs with a high health status were used, so that it was assumed that the alveolo-capillary permeability was not affected. The high recovery rate of rinsing¯uid (mean 86%) was also due to the high elasticity of lung tissue, as is to be expected in healthy pigs. It must be assumed that pigs with in¯ammatory lung diseases do not meet these requirements. Astonishingly, recovery rates in pneumonic pigs are relatively high (about 75%) as has been shown by Delbeck (1995) .
In contrast to the manifold indications for BAL in human medicine and experimental swine medicine, dealing with commercial pigs BAL is restricted to the improvement of the diagnosis of infectious lung diseases. The lavage protocol used in swine complied with the main priority of microbiological examination of BALF. In addition to the routine inspection of BAL samples for pulmonary pathogens, the percentage of PMN in the differential cell count is a sensitive criterion for differentiation between healthy pigs and those with diseased lungs (Ganter and Hensel, 1997) . The diagnostic value of enzymes in infectious pulmonary disorders in pigs has not yet been investigated and requires a highly standardized BAL procedure. Initial studies in pigs with respiratory disorders showed remarkable increases in the activities of LDH and AP in BALF (unpublished results). In human medicine the increase of LDH activity appeared to be of practical value for distinguishing between infectious and non-infectious pulmonary disorders (Cobben et al., 1999) . Some promising investigations about pulmonary LDH and AP activities have been made in sheep and calves with pneumonia (Milne and Doxley, 1984; Reinhold et al., 1992; Ganter, 1996) . The aim of this study was to look for cells and acellular components in pigs with a high health status in order to have a standard for comparison of results taken from pigs with respiratory disorders. Further investigations will have to deal with the question of how altered alveolo-capillary permeability and decreased lung tissue elasticity will distort results. Using urea as an endogenous marker of dilution from the pooled BAL aspirate leads to overestimation of the amount of ELF in BALF and thereby to underestimation of the concentrations of cellular and acellular components in ELF (Ward et al., 1999 (Ward et al., , 2000 . This leads to higher speci®city at the expense of low sensitivity in distinguishing between healthy and diseased pigs. Dependent on the urea in¯ux, the overestimation of the volume of ELF shows rather a linear trend (Ward et al., 1999) , whereas the increase in PMN in pneumonic pigs shows rather a logarithmic trend (Delbeck, 1995) . Therefore an increase in enzymes originating from PMN in ELF should be easily detected, although a primary underestimation of concentrations in ELF might occur. In diseased sheep with varying recovery rates the comparability was improved by reporting the results in the ELF (Ganter, 1996) . In sheep with pulmonary adenomatosis, high amounts of lung¯uid can often be harvested without using additional rinsing¯uid, so that samples with pure lung¯uid have to be compared with customary BALF samples. With this high standardized BAL protocol in healthy pigs, only a small variability in recovery rates occurred, so that the calculation of concentrations in the ELF seems not to be necessary. The usefulness of this method for comparing the ELF concentrations found in pigs with different infectious respiratory disorders has yet to be evaluated, so that in-parallel concentrations have to be reported as amount per ml BALF, as recommended by Baughman and Rennard (1999) .
The reference values for the total cell counts in BALF described in this study correspond to the values reported elsewhere (Ganter and Hensel, 1997) , although in our study the upper reference limits are lower. One reason could be the more homogeneously high health status of the pigs, so that the established reference values can only be applied to pigs of this age and the speci®c pathogen-free status described above. Another explanation is the slightly modi®ed lavage technique. In other studies a smaller volume of rinsing¯uid (50 ml) and a tube with a narrower inner diameter were used, resulting in a stronger vacuum (Ganter and Hensel, 1997) .
For a better understanding of disease pathogenesis, more information on the presence of substances and the varying composition of soluble components in the ELF of pigs is necessary. In contrast to cellular variables, enzyme concentrations increase logarithmically, so that their presence represents a more sensitive indicator for cell damage. The increase of the enzyme activity directly re¯ects the magnitude of tissue injury (Bickhardt, 1992) . There are multiple sources of protein in the respiratory tract, making it dif®cult to determine a speci®c origin. However, any increase beyond the reference limits can be seen as evidence for respiratory disease (Wattiez et al., 1999) .
